In this paper we present a computational study of linear optical absorption in phenacene class of polyaromatic hydrocarbons. For the purpose, we have employed a correlated-electron methodology based upon configuration-interaction (CI) approach, and the Pariser-ParrPople (PPP) π-electron model Hamiltonian. The molecules studied range from the smallest one with three phenyl rings (phenanthrene), to the largest one with nine phenyl rings. These structures can also be seen as finite-sized hydrogen-passivated armchair graphene nanoribbons of increasing lengths. Our CI calculations reveal that the electron-correlation effects have a profound influence not just on the peak locations, but also on the relative intensity profile of the computed spectra. We also compare our phenacene results with isomeric oligo-acenes, and find that in all the cases former have a wider optical gap than the latter.
I. INTRODUCTION
Over last several decades, polycyclic aromatic hydrocarbons (PAHs) have been studied extensively using theoretical and experimental methods, because of their importance in several fields such as physics, chemistry, environmental science, astrophysics and biology.
1-4
PAHs, with a planar structure, are π−conjugated systems, known for strong response to external fields, thus with potentially numerous device applications.
5,6
Oligoacenes, particularly tetracene and pentacene are among the most studied PAHs because of their possible applications in the field of optoelectronic devices, particularly light-emitting diodes, and photovoltaic cells.
7,8
Phenacene oligomers, which are nothing but the isomers of oligo-acenes of the same length, have also been found to be very useful in the field of the device application, particularly in fabrication of organic field-effect transistors (FETs).
5,9-14
Furthermore, it was reported that one of the phenacene oligomers, namely picene, exhibits high-temperature superconducting behavior when doped by alkali metals. 15 Phenacenes are similar to oligoacenes in that both are composed of fused benzene rings, while differing from each other in the way the fused rings are arranged. In oligoacenes, the fused rings are arranged in a straight manner leading to D 2h symmetry, while in phenacenes, they are arranged in a zigzag manner resulting in the point group is C 2h if the number of rings is even, and C 2v for odd number of rings. A phenacene oligomer with n fused rings is called [n] phenacene, and it is obvious that the minimum possible value for n = 3. For 3 ≤ n ≤ 6, phenacene oligomers are named phenanthrene (n = 3), chrysene (n = 4), picene (n = 5), and fulminene (n = 6), while for n > 6, they are referred as [n]phenacene.
Motivated by potential device applications of phenacenes, in this work we undertake a systematic computational study of their electronic structure, low-lying excited states, and linear optical response. Such a study is necessary not just for understanding the optical properties of individual oligomers, but also for obtaining insights into the transport properties of these materials in the crystalline phase, which consists of nothing but individual molecules held together by van-der-Waals binding. Given the fact that the phenancenes are π-electron systems, we have employed our Pariser-Parr-Pople model based electron-correlated methodology for this study 16 . The oligomers studied in this work range from phenanthrene to [9] phenacene, and our results are found to be in excellent agreement with the experimental measurements, wherever available. Because [n] phenacene is isomeric with acene-n, we also compare present results with the ones obtained for polyacenes in an earlier work from our group, 17 with the aim of understanding the role of geometry on the optical properties of these materials. We find that for each value of n considered in this work, optical absorption of spectra of two classes of materials are qualitatively different, and that the optical gap of [n]phenacene is significantly larger than that of acene-n. This suggests that the optical absorption spectroscopy can be used to distinguish between isomeric phenancenes and acenes.
The remainder of the paper is structured as follows. In Section II we present schematic diagrams of phenacenes, and discuss their point group symmetries, and related consequences. This is followed in Section III by a brief discussion of the theoretical methodology adopted in this work. Next, in Section IV we present and discuss the results of our calculations, followed by conclusions and outlook in Section V.
II. MOLECULAR STRUCTURE AND POINT GROUP SYMMETRY
In Fig. 1 , we present the schematic diagrams of [n]phenacenes considered in this work, along with their point group symmetries. We take the conjugation direction (long axis) to be x axis, and the perpendicular direction (short axis) to be y axis, so that all oligomers lie in the x − y plane, with a uniform C-C bond length of 1.4 Å, and all the edge carbon atoms are assumed to be passivated by hydrogen atoms.
[n]phenacene, just like acene-n, has 4n + 2 carbon atoms, as also the same number of π−electrons. The point group symmetry of phenanthrene (14 carbon atoms), picene (22 carbon atoms), [7] phenacene (30 carbon atoms), and [9]phenacene (38 carbon atoms) is C 2v , with 1 1 A 1 being the ground state. On the other hand, the point group symmetry of chrysene (18 carbon atoms) fulminene (26 carbon atoms) and [8] phenacene (34 carbon atoms) is C 2h , with 1 1 A g being the ground state. As per electric-dipole selection rules, the symmetries of the one-photon excited states are 1 A 1 (y polarized) and 1 B 1 (x polarized) for C 2v molecules, and 1 B u (xy−polarized) for C 2h molecules. 
III. THEORETICAL METHODOLOGY
As described in the previous section, the molecules considered here are π-conjugated systems, and, therefore, in this work we adopt Pariser-Parr-Pople (PPP) model Hamiltonian, 18, 19 reviewed in our earlier work 16 H=− i,j,σ t ij c † iσ c jσ + c † jσ c iσ +U i n i↑ n i↓ + i<j V ij (n i − 1)(n j − 1),
where c † iσ (c iσ ) denotes creation (annihilation) operators corresponding to an electron of spin σ in a p z orbital, located on the i-th carbon atom, while the total number of electrons on the atom is indicated by the number operator n i = σ c † iσ c iσ . In Eq. 1, the first term denotes the one-electron hoppings connecting i-th and j-th atoms, quantified by matrix elements t ij . It is assumed that the hopping connects only the nearest-neighbor carbon atoms, with the matrix element t 0 = 2.4 eV, consistent with our earlier calculations on conjugated polymers, 17, [20] [21] [22] [23] [24] [25] polyaromatic hydrocarbons, 26, 27 and graphene quantum dots.
28,29
The remaining two terms in Eq. 1 represent the electron-electron repulsion terms, with the parameters U , and V ij , denoting the on-site, and the long-range Coulomb interactions, respectively. The distance-dependent Coulomb parameters V ij are computed according to the Ohno relationship
where κ i,j is the dielectric constant of the system, included to take into account the screening effects, and R i,j is the distance (in Å) between the ith and jth carbon atoms.
In the present set of calculations we have used two sets of Coulomb parameters: (a) the "screened parameters"
31
with U = 8.0 eV, κ i,j = 2.0(i = j), and κ i,i = 1.0, and (b) the "standard parameters" with U = 11.13 eV and κ i,j = 1.0.
The calculations are initiated by performing restricted Hartree-Fock (RHF) calculations for the closed-shell singlet ground states of phenacenes considered here, using a computer program developed in our group.
32
The molecular orbitals (MOs) obtained from the RHF calculations form a single-particle basis set used to transform the PPP Hamiltonian from the site representation, to the MO representation. Subsequently, correlated-electron calculations using the configuration interaction (CI) approach are performed. The level of the CI calculations is decided by the size of the molecule under consideration. For smaller molecules, one can use full-CI (FCI) or quadruple-CI (QCI) approaches, however, for the larger systems only the multi-reference singles-doubles configuration interaction (MRSDCI) approach is tractable. In the MRSDCI calculatisons, the CI expansion is generated by exciting up to two electrons, from a chosen list of reference configurations, to the unoccupied MOs.
33,34
The reference configurations included in the MRSDCI method depend upon the states in consideration, which can be the ground state, or optically excited states. 17, [20] [21] [22] [23] [24] [25] 28 Once the many-body wave functions and the energies of the ground and the excited states are obtained from the CI calculations, we compute the optical absorption cross-section σ(ω), according to the formula
In the equation above,ê represents the polarization direction of the incident light, ω denotes its frequency, r is the electronic position operator, indices 0 and i represent, respectively, the ground and excited states, ω i0 is the frequency difference between those states, α denotes the fine structure constant, and γ is the assumed universal line width. The summation over i, in principle, is an infinite sum, which, in practice, is restricted to those dipole-connected excited states, whose excitation energies are within a certain cutoff, taken to be 10 eV in these calculations.
IV. RESULTS AND DISCUSSIONS
In this section we present the calculated linear optical absorption spectra and optical gaps of [n]phenacenes, and compare our results with the experiments, wherever available. Our calculations were performed using both the tight-binding (TB) model, as well as PPP model using the CI approach, and we find that our PPP-CI results are in much better agreement with experiments.
A. Tight-Binding Model Results
Because the tight-binding (TB) model is an independent electron approach, therefore, results obtained using it will help us understand the influence of electron correlation effects, when compared with the results computed using the PPP-model. We first present and discuss the optical absorption spectra obtained using the TB-model, followed by a discussion of the optical gaps.
Linear Optical absorption spectra
In Fig. 2 , we present the optical absorption spectra of [n]phenacenes obtained using the TB method. An examination of the spectra reveals the following trends: (a) With the increasing lengths of the oligomers, absorption spectra are red shifted, consistent with the phenomenon of the quantum confinement effect. (b) The first peak for all the oligomers corresponds to the excitation of an electron from HOMO (H) to LUMO (L). It corresponds to transition to 1 1 B 1 state via absorption of a photon polarized along the length (x-direction) of the C 2v symmetric oligomers. For C 2h symmetry, the first peak is due to 1 1 B u state, reached via absorption of an xy−polarized photon, with the x−component much stronger than the y−component. (c) The maximum intensity peak is the first peak for all the oligomers, except for chrysene for which the second peak is the most intense one, and it is due to |H → L + 1 +c.c. excitation, where c.c. denotes the corresponding charge-conjugated configuration. Figure 2 : Optical absorption spectra of [n]phenacenes (n = 3 − 9), computed using the TB model. The spectra have been broadened using a uniform line-width of 0.1 eV.
Optical Gap
The locations of the first absorption peaks of [n]phenancenes, i.e. their optical gaps, computed using various approaches are presented in Table I, . This implies that our calculations employ large CI expansions, and, therefore, should be fairly accurate, yielding reliable results.
Optical absorption spectra
First we discuss the general trends observed in the optical absorption spectra of [n]phenacenes calculated using the PPP-model, and the MRSDCI approach, presented in Fig. 3 .
Detailed information related to peaks contributing to the spectra, such as the manyparticle wave functions, energies, and transition dipole moment etc. are presented in Tables S1-S14 of Supporting Information. By carefully examining the optical absorption spectra (Fig. 3) , we observed the following trends: (a) Similar to the case of TB model, with the for oligomers up to [7] phenacene, and |H → L + 2 +c.c., for longer oligomers. (c) In all the calculations, the first dipole-allowed peak corresponding to the optical gap is not the most intense one of the spectrum, in contradiction with the TB model results, and in agreement with the experiments. In the screened parameter calculations, the relative intensity of the first peak, as compared to the most intense peak, is much larger than that in the standard parameter calculations. In agreement with the results of TB model, the first peak for the C 2v
symmetric molecules corresponds to 1 1 B 1 state, and for C 2h symmetric molecules to 1 1 B u state, and in all the cases the dominating configuration in the many-particle wave function
The maximum intensity peak occurs at higher energies, and the wave functions of the two excited states contributing to it are dominated by single excitations:
|H → L + 2 +c.c., which are the same excitations which contribute to the D.F. state. Next we discuss the optical absorption spectra of the individual phenacenes in detail.
Phenanthrene
Phenanthrene has C 2v symmetry, and Klevens et al.
35
, Okamoto et al.
12
, Clar et al.
1
, Salama et al.
39
and Halasinski et al.
40
have reported the measurements of its absorption spectrum. In Fig. 3 (a) and (b), we present our calculated spectra using the screened and standard parameters, respectively, within the PPP-CI approach, and in Table III . In particular Klevens et al.
35
, Okomoto et al.
12
, Clar et al. 
35
12
and Clar et al.
1
. The location of the first dipole allowed peak, which is also the optical gap, was calculated to be 4.31 eV with screened parameters, and 4.26 eV with standard parameters. These values are in good agreement with the experimental values which are measured in the range 4.09-4.36 eV (see Table III ). In particular, our results are in excellent agreement with the values 4.24 eV, 4.25 eV, and 4.36 eV, reported by Clar et al.
39
, and Halasinski et al.
40
, respectively.
As far as higher energy peaks are concerned, our screened parameter spectra has a peak at 4.62 eV which is in excellent agreement with the reported value 4.64 eV by Halasinski et al.
. The next peak is the most intense (MI) peak in our calculated spectrum for both screened as well as standard parameter calculations, and it is located at 4.93 eV and 5.19 eV, respectively. Clar et al.
1
experimentally measured the most intense peak at 4.93 eV which exactly matches with our screened parameter value. The reported value of MI peak by Klevens et al.
35
(4.88 eV) and Salama et al.
39
(4.80 eV) are also very close with our obtained screened parameter value, while the MI peak obtained using standard parameter is little bit on the higher side compared to the experimental results.
After that Halasinski et al. 
40
, while the standard parameter peak at 5.59 eV, is in very good agreement with the peak reported by Clar et al.
1
.
Next experimental peak located at 6.62 eV, reported by Klevens et al.
35
, is in good agreement with our screened parameter peak computed at 6.74 eV. The highest measured peak located at 6.99 eV, reported by Klevens et al.
is in excellent agreement with the peaks obtained both from screened and standard parameter calculations at 7.05 eV and 6.96 eV, respectively. Furthermore, we have computed several higher energy peaks as well, for which no experimental results exist. We hope that in future measurements of the absorption spectrum of phenanthrene, energy range beyond 7 eV will be explored.
Dutta and Mazumdar

48,49
studied the ground state of metal-intercalated crystalline phenanthrene using both ab initio density functional theory (DFT), and PPP model based approaches, with the aim of understanding the nature of superconductivity in these materials. Parac et al.
36
have computed the absorption spectra of phenanthrene using timedependent DFT (TDDFT) and time-dependent PPP (TDPPP) method, while Malloci et al.
37
have computed the same using DFT and TDDFT method. By using PPP model at the singles-CI level, Skancke et al. and Hedges et al. have also computed the absorption spectra of phenanthrene. We present the results of these authors in Table III , from where it is obvious that their calculated peak locations lie in a broad spectral range. Given the fact that peaks measured by various experiments also lie in a broad spectral range, the agreement between these theoretical results and experiments is quite reasonable. The detailed wave function analysis of all the excited states contributing to peaks in the computed spectra of phenanthrene, is presented in Tables S1-S2 of Supporting Information. Chrysene has C 2h symmetry, and Okamoto et al.
12
, Klevens et al.
35
and
Becker et al. 44 have reported the measurements of its absorption spectrum. In Fig. 3 (a) and (b), we present our calculated spectra using the screened and standard parameters, respectively, within the PPP-CI approach, and in Table IV .
The intensity of the first dipole allowed peak, corresponding to the optical gap, was not found to be maximum in our calculated spectra. This result is in perfect agreement with the measurements of Klevens et al.
35
12
, Becker et al. 44 and Clar et al.
1
, and
in disagreement with the results of the TB model. Our calculations predict this peak at 3.86 eV using screened parameters, and 3.96 eV using standard parameters. As is obvious from and Becker et al. 44 reported the values of optical gap at 3.84 eV, and 3.87 eV, respectively, almost in perfect agreement with our screened parameter value 3.86 eV. The standard parameter value of 3.96 eV is slightly higher than the highest measured value 3.89 eV by Mallory et al. 45 and Clar et al.
The second peak is the most intense (MI) peak in our calculated spectrum for both the screened and the standard parameters, and is located at 4.52 eV, and 5.08 eV, respectively.
Okamoto et al.
12
experimentally measured the most intense peak at 4.54 eV which almost exactly matches with our screened parameter value. The reported value of MI peak by Klevens et al.
35
(4.61 eV), Becker et al.
44
(4.63 eV), and Clar et al.
1
(4.64 eV) are slightly higher than the screened parameter value, while the standard parameter result is significantly higher than the experimental values.
As far as higher energy peaks are concerned, Klevens et al.
35
, and Becker et al. 44 found a peak at 5.13 eV, and, Clar et al.
1
found one at 5.14 eV. In our computed spectra, we have a peak at 5.09 eV using screened parameters, and 5.08 eV using standard parameters, both of which are in good agreement with experiments. After that, in our standard parameter spectrum we have a peak at 5.76 eV, which is in very good agreement with the 5.71 eV peak detected by Becker et al.
44
, while the screened parameter peak at 5.81 eV is somewhat higher as compared to the experiments. Next experimental peak located at 6.36 eV, reported by Klevens et al.
35
, is in perfect agreement with our standard parameter peak computed at 6.38
eV. We have a screened parameter peak at 6.52 eV which is in reasonable agreement with a peak at 6.43 eV, measured by Becker et al.
44
. The highest measured peak located at 6.73 eV reported by Klevens et al.
35
is at a slightly lower energy as compared to the corresponding screened parameter peak at 6.86 eV. Furthermore, we have computed several higher energy peaks as well, for which no experimental results exist. We hope that in future measurements of the absorption spectrum of chrysene, in higher energy range will be probed.
First principles TDDFT method was employed to calculate the absorption spectrum by Parac et al.
36
and Malloci et al.
37
. Malloci et al.
also computed the absorption spectrum using the first principles DFT. Additionally, PPP model based calculations were performed by Parac et al.
36
, Skancke et al.
41
, Ham et al.
46
and Hedges et al.
43
The But we note that the optical gaps computed using the TDDFT approach with B3LYP functional by Parac et al.
36
, and Malloci et al.
37
, are in good agreement with experiments. As far as the location of MI peak is concerned, results of other authors are either below, or significantly above the experimental value. The wave function of the excited states contributing to peaks in the computed spectra of chrysene, are presented in Tables S3-S4 of Supporting Information. Picene has C 2v symmetry, and Okamoto et al.
12
1
and Fanetti et al.
47
have reported the measurements of its absorption spectrum. In Fig. 3 (a) and (b), we present our calculated spectra using the screened and standard parameters, respectively, within the PPP-CI approach, and in Table V The first dipole allowed state is computed to be of 1 B 1 symmetry, and leads to fairly intense absorption peaks located at 3.75 eV in the screened parameter spectrum, and 3.88 eV in the standard parameter spectrum. As it is obvious from Table III, the experimental values of the optical gap range from 3.76 eV to 3.82 eV. Thus, we find that both our screened and standard parameter of optical gap are quite close to the range of experimental values.
We also note that the Okamoto et al.
12
and Mallory et al.
45
reported the value of optical gap at 3.76 eV, and the Clar et al.
1
reported it at 3.77 eV, in excellent agreement with our screened parameter value. While our standard parameter value 3.88 eV agrees well with the optical gap value 3.82 eV, measured by Fanetti et al.
47
. Furthermore, our calculation predict that this peak is not the most intense one, in disagreement with the TB model results, and in complete agreement with the experiments 1,12,47
As far as higher energy peaks are concerned, our screened parameter spectrum has a peak at 4.54 eV which is in very good agreement with a peak at 4.57 eV measured by Fanetti et al.
. The next peaks which are the most intense (MI) ones in our calculated spectra using both screened and standard parameters, are located at 4.87 eV and 4.79 eV, respectively.
12
measured a peak at 4.75 eV, which is in very good agreement with the location of our standard parameter peak. A peak measured at 4.85 eV by Fanetti et al.
47
is in excellent agreement with the energy of our screened parameter peak.
Our calculated peaks at 5.22 eV (screened) and 5.24 eV (standard) are the nearest peaks to the highest measured peak at 5.08 eV reported by Fanetti et al.
. Additionally, we have computed several higher energy peaks as well, for which no experimental results exist. We hope that in future measurements of the absorption spectrum of picene, energy range beyond 5 eV will be explored. Fulminene has C 2h symmetry, and Okamoto et al.
5,12
and Mallory et al. 45 have measured the absorption in fulminene. In Fig. 3 (a) and (b), we present our calculated spectra using the screened and standard parameters, respectively, within the PPP-CI approach, and in The first dipole allowed peak, corresponding to the optical gap, was measured to be at 3.14 eV for the thin film sample by Okamoto et al.
5
, and 3.65 eV, and 3.66 eV for the solution sample, by Okamoto et al.
, and Mallory et al.
45
, respectively. Our screened parameter calculations predict the optical gap to be 3.34 eV, which is closer to the measured value of thin film sample, while our standard parameter value at 3.52 eV is closer to the solution based sample. This is understandable on physical grounds because, in thin films, electron correlations may be getting screened due to presence of other molecules, an effect screened parameters may be mimicking. We also note that intensity of the first dipole allowed peak is not maximum when compared to other peaks, in agreement with the measurements of the Okamoto et al.
5
As far as higher energy features are concerned, our screened parameter spectrum has a peak at 4.01 eV, which is in good agreement with the peaks measured at 3.95 eV
12
, and 4.08 eV
5
, in solution, and thin film, based samples, respectively. The next peak is the most intense (MI) one in our calculated spectrum for the both screened and standard parameters, located at 4.37 eV, and 4.54 eV, respectively. In solution based spectrum the most intense peak lies at 4.17 eV 12 which is closer to the screened parameter value, than the standard one. Furthermore, we have computed several higher energy peaks as well, for which no experimental results exist. We hope that in future measurements of the absorption spectrum of fulminene, the energy range beyond 5 eV will be explored.
The only other calculation on fulminene is by Malloci et al.
37
, who reported the values of optical gap at 3.47 eV (TDDFT approach), and 4.00 eV (Kohn-Sham). The former value is within the range of experimental measurements, while the latter is well above it. [7]phenacene has C 2v symmetry, and Okamoto et al.
5
, and Mallory et al. 45 have reported the measurements of its absorption spectrum. In Fig. 3 (a) and (b), we present our calculated spectra using the screened and standard parameters, respectively, within the PPP-CI approach, and in Table VII, we have compared the experimental results, and theoretical results of other authors, with our calculations. Analysis of the calculated CI wave functions of the excited states contributing to the absorption spectra, is presented in Tables S9-S10 of Supporting Information. On comparing the relative intensity of first dipole allowed peak, corresponding to the optical gap, we find that it is not of maximum intensity, in agreement with the measurements 5,45
Our calculations predicts this peak at 3.34 eV (screened parameters), and at 3.68 eV (stan-dard parameters). We note that the Okamoto et al.
reported the value of optical gap at 3.10 eV, which is closer to our screened parameter value, while our standard parameter value is in very good agreement with 3.60 eV, measured by Mallory et al.
45
As far as higher energy peaks are concerned, our screened parameter spectra has a peak at 3.88 eV which is in excellent agreement with the measured values 3.87 eV
, and 3.90 eV
5
The next peak is the most intense (MI) peak in our calculated spectrum located at 4.20 eV (screened parameters) and 4.68 eV (standard parameters). Okamoto et al.
45
experimentally measured the most intense peak at 4.08 eV which is a little lower than our screened parameter value. Furthermore, we have computed several higher energy peaks as well, for which no experimental results exist. We hope that in future measurements of the absorption spectrum of [7] phenacene, the energy range beyond 5 eV will be probed.
The only other calculation on [7] phenacene is by Malloci et al.
37
, who reported the values of optical gap at 3.50 eV (TDDFT approach), and 4.00 eV (Kohn-Sham). The former value is within the range of experimental measurements, while the latter is well above it. [8]phenacene has C 2h symmetry, and Okamoto et al.
5
have reported the measurement its absorption spectrum. In Fig. 3 (a) and (b), we present our calculated spectra using the screened and standard parameters, respectively, within the PPP-CI approach, and in In our calculated spectra, the first dipole allowed peak corresponding to the optical gap is not the most intense peak of the spectrum, in full agreement with the experimental measurements
. The calculated locations of this peak is 3.11 eV using screened parameters, and 3.41 eV using standard parameters. We find that our screened parameter results are in excellent agreement with the experimentally measured value of 3.08 eV
As far as higher energy peaks are concerned, our screened parameter spectrum has a peak at 3.87 eV which is a bit higher than the measured peak at 3.64 eV
. The next peak is the most intense (MI) peak in our calculated spectrum for the both screened as well as standard parameters, and is located at 4.08 eV, and 4.48 eV, respectively. Okamoto et al.
experimentally measured the most intense peak at 4.00 eV which is in very good agreement with our screened parameter value. Furthermore, we have computed several higher energy peaks as well, for which no experimental results exist. We hope that in future measurements of the absorption spectrum of [8]phenacene, energy range beyond 4 eV will be explored.
Detailed information about the wave functions of the excited states contributing to peaks in the computed spectra, can be obtained in Tables S11-S12 of Supporting Information. [9]phenacene has C 2v symmetry, and Shimo et al.
11
have reported the measurement of its absorption spectrum. In Fig. 3 (a) and (b), we present our calculated spectra using the screened and standard parameters, respectively, within the PPP-CI approach, and in In this molecule as well, our calculations predict that the first dipole-allowed peak corresponding to the optical gap, is not the most intense peak of the spectrum, in full agreement with the experiment,
and in disagreement with the results of the TB model calculations.
As far as the value of optical gap is concerned, our calculations predict it to be 3.09 eV obtained using the screened parameters, and 3.46 eV using the standard parameters. We note that our screened parameter value is in very good agreement with the value 3.05 measured by Shimo et al.
As far as higher energy peaks are concerned, our screened parameter spectrum has a peak at 3.54 eV, which is somewhat higher than 3.33 eV measured by Shimo et al.
. The most intense (MI) peaks in our calculated spectra for screened as well as standard parameters are located at 3.98 eV, and 5.0 eV, respectively. In the experimental spectrum of Shimo et al.
, the intensity appears to increase monotonically in the region 3.60-4.00 eV, beyond which no measurements exist. This implies that the maximum intensity peak is at an energy higher than 4.00 eV, which we hope will be confirmed in future measurements. Furthermore, we have computed several higher energy peaks as well, which we hope will also be verified in future measurements beyond 4 eV. We are unable to compare our results with calculations of other authors, because our calculations appear to be the first ones on this molecule. 
C. Comparison between Phenacenes and Polyacenes
As mentioned in the Introduction section, phenacenes and polyacenes are isomers, i.e.
they have same chemical formula but different structural arrangement. In polyacenes, benzene rings are fused in a straight line and they belong to D 2h point group. While, in phenacenes, benzene rings are fused in a zig-zag manner, leading either to C 2v or C 2h symmetry. In an earlier work in our group, Sony et al.
17
computed the absorption spectra of oligoacenes ranging from naphthalene to heptacene, and, later on Chakraborty et al.
24
extended the work till decacene. In Table X we compare our calculated optical gaps for isomers containing 3 to 9 benzene rings, and we find that irrespective of parameters used, the optical gaps of [n]phenacenes are always larger than those of acene-n. We also note the relative difference in the optical gaps of two set of compounds increases with the increasing conjugation length. These facts are also verified in the optical absorption experiments on phenacenes cited in the present work, as well those on acenes reviewed in our earlier work.
17
Additionally, Roth et al.
50
performed a comparative study of singlet states in two of the smallest phenacenes (phenanthrene and chrysene), and acenes (anthracene and tetracene)
in the crystalline phase, using the electron-energy-loss spectroscopy (EELS), and concluded that absorptions occur in acenes at much lower energies as compared to corresponding phenacenes. This, combined with our theoretical calculations, suggests that the lowest singlet excitations in both acene and phenacene molecular crystals are intramolecular in nature.
Thus, experimental and theoretical evidence suggests that as far as optoelectronic device applications are concerned, phenacenes will be useful in higher frequency range, as compared to oligoacenes. 
V. SUMMARY AND CONCLUSIONS
In this paper, we presented the results of our calculations of optical absorption spectra of
[n]phenacenes, with n =3-9. The calculation were performed using both the tight-binding, We also compared the calculated optical gaps of [n]phenacene with their isomeric oligoacenes, and noted that gaps of [n]phenacenes are significantly larger. This is in agreement not only with numerous optical absorption experiments performed on these molecules, but also with a comparative EELS study of crystalline phenanthrene, chryesene, anthracene, and tetracene.
50
This further validates our theory, and also confirms that the lowest optical excitations in these materials are intramolecular excitons. Furthermore, this suggests that
[n]phenacenes can have optoelectronic applications in the higher energy range.
In this paper, we have confined ourselves to the study of the optical properties of
[n]phenacenes for their ground states, i.e., in the singlet manifold. However, in these materials, triplet states, and their optics, are also very interesting, from the point of view of light harvesting through the route of singlet fission, which we aim to study in future. We also plan to explore the non-linear optical processes in phenacenes such as two-photon absorption, and third-harmonic generation, in future works. The following tables contain the excitation energies, dominant many-body wave functions, and transition dipole matrix elements of excited states with respect to the ground state 1 1 A g for C 2h , and 1 1 A 1 for C 2v molecules. The symbols H and L represent the highest occupied molecular orbital (HOMO), and the lowest unoccupied molecular orbital (LUMO), respectively. Many-electron wave functions of various excited states are written as linear combinations of configurations, and the magnitudes of their coefficients are included in parentheses next to them. The configurations are expressed as single-, double-,..., excitations with respect to the closed-shell restricted-Hartree-Fock (RHF) reference state, and the configurations are denoted using arrows from the occupied to unoccupied (virtual) orbitals, representing a given n-particle excitation. The charge conjugate of a given configuration is abbreviated as 'c.c.', while the sign (+/-) preceding 'c.c.' indicates that the two coefficients have (same/opposite) signs. The symbol D.F. denotes a dipole-forbidden state. Table S1 . Excited states giving rise to peaks in the singlet linear absorption spectrum of phenanthrene, computed employing the FCI approach along with the screened parameters in the PPP model Hamiltonian. Table S5 . Excited states giving rise to peaks in the singlet linear absorption spectrum of picene, computed employing the QCI approach along with the screened parameters in the PPP model Hamiltonian. 
